This paper proposes a scheme for vibration frequencies extraction of the Forth Road Bridge in Scotland from high sampling GPS data. The interaction between the dynamic response and the ambient loadings is carefully analysed. A bilinear Chebyshev highpass filter is designed to isolate the quasistatic movements, the FFT algorithm and peak-picking approach are applied to extract the vibration frequencies, and a GPS data accumulation counter is suggested for real-time monitoring applications. To understand the change in the structural characteristics under different loadings, the deformation results from three different loading conditions are presented, that is, the ambient circulation loading, the strong wind under abrupt wind speed change, and the specific trial with two 40 t lorries passing the bridge. The results show that GPS not only can capture absolute 3D deflections reliably, but also can be used to extract the frequency response accurately. It is evident that the frequencies detected using the filtered deflection time series in different direction show quite different characteristics, and more stable results can be obtained from the height displacement time series. The frequency responses of 0.105 and 0.269 Hz extracted from the lateral displacement time series correlate well with the data using height displacement time series.
Introduction
The Global Navigation Satellite Systems (GNSS) positioning technology has been widely used in monitoring dynamic responses of civil structures, such as high-rise building and cable-stayed bridges, for more than twenty years. In order to obtain the deflection and the vibration frequencies of bridges, many efforts have been made by the academic to develop monitoring systems and data processing algorithms.
By using the Global Positioning System (GPS), Leach et al. proposed a monitoring system of a cable-stayed suspension bridge to obtain the deformation and the vibration [1] . In 1995, the capability of GPS for monitoring the structural vibrations was verified with an experiment that was performed in the Calgary Tower; a vibration frequency of 0.3 Hz in both north-south and east-west directions was extracted [2] . Two experiments were performed for the extraction of the short-term deformations of the suspension bridge at Tulln in Austria and the results show that the precision of a GPS monitoring system is about 2 mm for the horizontal coordinates and 4 mm for the height component [3] . To monitor the high frequency characteristic of a bridge, a Leica SR510 receiver of 10 Hz sampling rate and a JNS100 receiver measured at 50 Hz were used and the trials were carried out in a controlled environment; the real bridge monitoring has proved the effectiveness of high sampling GPS [4] . To improve the reliability of a system for bridge deflection monitoring, an integrated GPS/Pseudolites system was proposed and its geometric characteristic was analysed [5] . The vertical natural frequency of the Pierre-Laporte Bridge in Canada was extracted using different algorithms and programs based on GPS monitoring data [6] . A motion simulation table was designed to simulate 2D motion of high-rise building in a horizontal plane and motion of long span bridges in a vertical plane; then a GPS antenna was installed on the table for collecting the data of a simulated motion. It demonstrated that GPS data is accurate enough for monitoring the dynamic response of civil structures [7] . A statistical analysis on the outlier level and the accuracy of the real-time kinematic (RTK) and postprocessing kinematic modes were given by Nickitopoulou through using the data collected via a rotating GPS receiver antenna [8] . It can be concluded that GPS is viable to record the responses of forced vibration, decayed free vibration, and ambient vibration of the Wilford Bridge over the River Trent in Nottingham and a triaxial accelerometer can be used to validate the dynamics estimated from GPS measurements [9] . The structural deflection of a cable-stayed bridge over the River Tamar in northern Tasmania, Australia, has been successfully detected using GPS monitoring data and the predicted deflection Figure 3 : Relation between the air temperature and height deflection at site F. calculated using the SPACE GASS structural analysis software suite was used to verify the GPS results [10] . The spectral density of deflections monitored via a RTK GPS installed on the Dalian Beida Bridge is in coincidence with that of a finite element model (FEM) [11] . The study also reveals the potential of GPS to measure the deflections and the modal frequencies of rather stiff bridges, far exceeding current limits of the method assumed so far, which was verified via an example by monitoring the oscillations of a 40 m long steel footbridge [12] . GPS was also suitable for the identification of relatively rigid bridges with modal frequencies up to 4 Hz [13] . The mean amplitude of oscillations was calculated with millimetre accuracy via a computer based algorithm using GPS and Robotic Theodolites (RTS) and the method was used to two short span bridges for the structural health monitoring [14] . Im et al. reviewed GPS technology for structural health monitoring [15] . GPS is a viable and promising tool for vibration extraction considering the rapid advancement of GPS devices and algorithms. Modal frequencies of the Wilford Bridge are accurately identified using GPS measurements with a proposed Multimode Adaptive Filtering (MAF) algorithm and validated by accelerometer data. The fundamental frequency 1.690 Hz of the bridge was detected which is slightly lower than the estimated frequency 1.740 Hz by the structural analysis [16] .
Wind loading and multipath effects mainly contribute to low frequency components of bridge dynamics which are difficult to separate and affect early alarming. The amplitude of multipath effect can reach a few centimetres in extreme environment and an adaptive filtering method can mitigate the multipath effect for structural deflection monitoring [17, 18] . Dynamic multipath induced by a passing vehicle for bridges was studied for the first time and certain strategies for modelling were proposed [19] . Actually, monitoring stations have varying circumstance that produces different multipath effects that will be considered in this paper. This paper proposes an innovative scheme for extracting the vibration frequencies from high sampling GPS data of the Forth Road Bridge. In order to extract the deflection, a Chebyshev high-pass digital filter is designed to eliminate multipath effects and then an FFT is used to extract the frequencies information. The field experiment for the Forth Road Bridge is introduced in detail and the data set of a middle site on the west side of the bridge deck is chosen for analysing the frequency responses. The frequency response in different situations is analysed and compared to obtain the natural frequencies of the bridge. 
Field Experiment

Description of the Experiment.
During a 46 h observation period from 8 to 10 February 2005, the data sets were collected by the staff from the former Institute of Engineering Surveying and Space Geodesy (IESSG) at the University of Nottingham; a part of the field data sets is used in this paper to extract the vibration frequencies in various ambient loadings. Five GPS receivers marked as B, C, D, E, and F were fixed to the bridge handrail and two GPS receivers marked as A1 and A2 were located on top of the southern support tower as illustrated in Figure 1 [20] .
More details of the receivers' locations and their specifications are found in [20] and an overall analysis and comparisons of the observations of the GPS receivers were demonstrated in [20] . Data collected at station F is applied to test the proposed scheme as the weather station was installed exactly adjacent to F at the midspan on the western footway. A Leica GX1230 dual-frequency GPS receiver equipped with a Leica AT504 choke-ring antenna was used to collect data at the rate of 10 Hz.
The raw GPS displacement measurements are first transformed into the local bridge coordinate system (BCS) using the rotation matrix, the vertical component is represented as the height variations above the mean sea level, and the horizontal displacements are obtained by taking a specific position as the datum.
The lateral, longitudinal, and vertical movements of the bridge in BCS during the 46 h trial are illustrated in Figure 2 . It can be noted that the lateral direction contains more frequency information than the other two directions, as it is more vulnerable to ambient loadings. Obvious systematic variations are shown in three directions that are affected by the temperature and wind according to the analysis in literature [20] . It is evident that lateral movements are most significant which reach an order of two meters; this is mainly caused by the ambient wind loadings, and the largest deflections occur in the second night due to the existence of high wind speeds. The height component of the bridge moves by an order of decimetres, and there exists a close relationship between the height response and ambient temperature variations and traffic loadings; in Figure 3 , we can clearly see that a temperature change of about 5.5 ∘ C can be observed during the trial, and it evidently changes the vertical position of the bridge deck, especially the long-term dynamics. As expected, the longitudinal deflections are quite small, and the peak to peak movements are at the order of several centimetres. Three different deformation situations are considered to extract the vibration frequencies of the bridge in this paper, which will be discussed in detail in later sections.
Data Processing Scheme
Description of the Bridge Vibration Signal.
The vibration signal of a bridge monitored by GPS can be expressed by
where ( ) represents the low frequency interferences such as multipath error, atmospheric error, or clock error at th observation epoch, among which multipath error is the main part; ( ) is the actual dynamic vibrations of the bridge and ( ) is the noise [16] . To obtain the vibration frequencies of the bridge, low frequency deflections can be isolated using high-pass digital filter that can be designed according to the characteristics of the specific vibration signal, and Chebyshev high-pass digital filter is designed for the vibration frequencies extraction of the Forth Road Bridge in this paper.
Design of Chebyshev High-Pass Digital Filter.
For Type I Chebyshev filter, the gain response as a function of angular frequency of th-order low-pass filter is equal to the absolute value of the transfer function ( ):
where is the ripple factor, 0 is the cut-off frequency, and is a Chebyshev polynomial of th order. The order of a Chebyshev filter is equal to the number of reactive components needed to realize the filter using analogue electronics [21] .
The ripple is often given in dB. Ripple in dB = 20log 10 √ 1 + 2 so that a ripple amplitude of 3 dB results from = 1. The transfer function is then given by 
That is,
The low-pass Type I Chebyshev filter is transferred from analogue filter to digital filter by using the above bilinear transformation. Subsequently, the low-pass digital Type I Chebyshev filter is transferred into high pass by the following equation [23] :
where
Equation (5) maps -plane (low pass) to V-plane (high pass), and 0 and 0 are cut-off frequencies in -plane and V-plane, respectively. The loads of the bridge are varying with different factors, such as wind speeds, traffic flow, and temperature variation; the optimal filter parameters can be determined considering the real deformation. By testing different data sets, the high-pass digital Type I Chebyshev filter with a sampling frequency of 20 Hz is good enough for the data processing of the bridge. In a real application, the filter is sampled into 10 Hz. The critical frequency for pass band is 0.5; pass band attenuation is less than 0.8 dB; the critical frequency for stopband is 0.025 Hz; stopband attenuation is greater than 20 dB. A high-pass digital Type I Chebyshev filter is designed with the above parameters (Figure 4 ).
The Scheme for Vibration Frequencies Extraction.
The flowchart for vibration frequencies extraction is summarized in Figure 5 . The real-time GPS displacement data sets are input into the designed high-pass digital filter introduced in Section 3.2, to eliminate the low frequency interferences. As a high-pass digital filter cannot be used in a real-time scenario, a GPS data accumulation counter is used to form a time series over a sliding window with a predefined length, to consider the different deformation situations, such as deformation during quiet period or busy period; a varied window length can be used, that is, 2000 s or 1000 s, used in this paper. Finally, the vibration frequencies are obtained using the fast Fourier transform (FFT) algorithm.
Vibration Frequencies Extraction
Vibration Frequencies Extraction under Ambient Circulation Loading Conditions.
In order to evaluate the safety of the large structures, such as long span bridges and highrise buildings, it is popular to extract the structural modal parameters such as natural frequencies, mode shapes, and damping ratios from GNSS measurements by using the ambient loadings. The Forth Road Bridge was operated under a heavy traffic flow in the daytime, especially at rush hour; the bridge deck was expected to move under the traffic loads. In this section, we are expected to extract the bridge dynamics under ambient circulation loading conditions; that is, the traffic flow and wind speed are not high.
In the following figure, data set of 2000 seconds (242001-244000 s) for site F was used to characterize the bridge dynamics and extract the vibration frequencies. Figure 6 shows the lateral deflection time series and the corresponding wind speed data during the specific period; it is evident that the peak to peak deflection with the amplitude of about 4 cm is relatively small; this is due to existence of low wind speeds; the mean wind speed is 7.30 km/h during the observation period; it shows low correlation with the wind speed. We can also see that very slow movements form a part of the lateral displacement time series, while the very slow vibration cannot indicate the natural frequencies of the bridge. In our paper, the high-pass filter introduced in Section 3.2 will be applied to the original displacement time series at 10 Hz firstly; then the output of the high-pass filtered data is used to obtain the vibration frequencies of the bridge. The filtered lateral movements and the corresponding frequencies are demonstrated in Figure 7 ; it can be seen that the amplitude of the dynamic displacements is small; a low frequency response peaked at 0.067 Hz is significant in the frequency spectra, which is mainly induced by the ambient wind loadings; five higher dominant frequencies with smaller amplitude can also be extracted from the spectra, the extracted frequencies are listed in Table 1 , and this correlates well with our experience for such long span bridge.
The corresponding results for longitudinal deflections are demonstrated in Figure 8 ; as can be seen from the figure, the lateral response is constrained due to the stiffness of the bridge deck, and the bridge is not highly vulnerable to longitudinal motions, as can be validated from the low correlation between the longitudinal response and the wind speed. Figure 9 gives the corresponding natural frequencies extract from the filtered longitudinal movements; it can be seen that the longitudinal displacements are noisier than lateral displacements; the amplitude of the local frequency peak is not significantly large; thus the frequencies extracted from longitudinal movements are less accurate compared to the results extracted from lateral movements, and higher frequencies above 0.2 Hz cannot be detected from the filtered longitudinal displacement time series.
The filtered height deflections and the corresponding frequencies are shown in Figure 10 , and it can be seen that the frequency response is significant at 0.103 Hz, which is believed to be the natural frequency of the bridge; the amplitude of the frequency response at higher frequency band is obviously smaller than the first natural frequency response. It can be concluded that the vibration frequencies are successfully detected from the high-pass filtered displacement time series; that is, the frequencies extracted from the displacement time series in different direction are varied, and this can be explained by the fact that deflections in different direction are actually induced by different loading effects.
Vibration Frequencies Extraction during Wind Effect.
During the observation period, the anemometer was used to record the wind speed and direction at 30 s sampling interval ( Figure 11 ). As can be seen in Figure 11 , the Forth Road Bridge was subject to high wind loadings during the whole observation session; the maximum wind speed exceeded 100 km/h; this will cause a large movement for the bridge deck and bridge tower. On the first day, the wind direction was almost perpendicular to the main axis of the bridge (Figure 12 ), while the wind direction was changed on the second day and the corresponding wind speed was also increased. Due to the stiffness of bridge, the longitudinal movements of the bridge deck are small, while the lateral movements are subject to wind action. The original wind speed data was first resolved to BCS for further analysis. Figure 13 shows wind speed in BCS and the corresponding lateral deflections; it can be seen that the lateral movements have good correlation with high wind speed; the sudden change of wind direction causes the peak vibration of the lateral deflection; once the wind speed keeps stable at a higher speed, the deflection becomes small as the heavy body of the bridge will be dragged down by the force of gravity, and the action of wind speed in lateral and longitudinal direction is cross-conditioning. In our paper, in order to characterize the interaction between the wind speed and deflection, we provide two wind speed changing situations for frequencies extraction using GPS, namely, the strong wind causes large movement along lateral direction for the bridge deck. The lateral deflections contain very slow movements which are beyond the natural frequency band; the bilinear Chebyshev high-pass filter was applied to the original displacement time series. The filtered lateral displacements and corresponding vibration frequencies under ambient wind loadings are shown in Figures 15 and 16 ; the extracted local vibration frequencies less than 5 Hz using GPS displacement under two different wind loading conditions show similar characteristics above 0.1 Hz frequency band; this indicates that no significant changes occur in the structural characteristics, while the frequency response extracted from case (b) contains a local peak at 0.097 Hz which is mainly caused by wind conditions. The low frequency colour noise is still evident in the filtered displacement time series; thus the identification of the dominant frequencies becomes difficult. The amplitude of the high frequency response at 0.44 Hz during the wind speed increasing period is larger than that of the response occurring during the wind speed decreasing period.
The longitudinal displacement measurements during the specific observation period are demonstrated in Figure 17 ; it can be noted that the wind speed data is noisy, and the correlation between the longitudinal response and the wind data is low. The excitation of longitudinal response is actually a combination of wind loadings, traffic loadings, and thermal effects. The filtered results are shown in Figures 18  and 19 ; the peak amplitude of the vibration is quite small, of the order of ±5 mm; the frequency characteristics are quite different from that of lateral response; the detected vibration frequency is lower than 0.3 Hz, and the dominant frequency response is significant at 0.129 (0.126 Hz for wind increasing period), 0.134, and 0.151 Hz; the low frequency noise is still evident in the filtered displacement time series. Frequency (Hz) Figure 18 : The filtered longitudinal displacements and corresponding frequencies during the wind speed decreasing period.
The corresponding filtered height response is shown in Figures 20 and 21 ; compared to the horizontal response, the amplitude of the height dynamic displacement is obviously larger, which is due to existence of traffic loadings. As can be seen from the frequency spectrum, a significant amplitude peak at 0.102 Hz is detected using the height displacement time series, while a slightly different frequency at 0.104 Hz is observed for the wind speed increasing period; two higher frequency peaks can be detected for both wind loading conditions. The vibration frequencies extracted from height displacement time series seem to be clearer than the frequencies extracted using horizontal displacement time series; this demonstrates the superiority of using height deflections for monitoring the frequency response.
Vibration Frequencies Extraction of the Lorry Loading.
The Forth Road Bridge has experienced increased traffic loadings since the opening of the bridge, and the heavy traffic loadings play an important role in the bridge deformation, especially for the height deflections. During the second night, a specific trail with two 40 t lorries running on the bridge was carried out to evaluate the pattern of deflection; the bridge was closed off to other traffic during the trial; in addition, the lorries travelled at a low speed manner; the running speed was about 32 km/h. The travelling period used for analysis in this paper was described as follows: the lorries passing were illustrated in Figure 22 ; it can be seen that the movements in different direction are deflected by different magnitudes, among which the height component experienced the largest deflections, of the order of ±0.3 m. The bridge experienced downward deflections as the lorry travelled approaching the midspan of bridge, and upward movements were observed when the lorry moved away; this is due to existence of the elastic suspension cable which pulled up the bridge main span. The GPS measured deflections match well with that of FEM predicted results, and occurrence of such bridge deflection can be well explained by the lorries' mass. It should be noted that the patterns of the lateral movements do not completely coincide with height movements; actually the lateral movements are partially induced by the ambient wind loadings.
To extract the vibration frequencies during the lorry passing period, the original displacement time series was first filtered using the bilinear Chebyshev high-pass filter; the resulting dynamic lateral deflections and extracted frequencies are illustrated in Figure 23 ; the amplitude of the dynamic displacements exceeds 2 cm; it can be seen that the high frequency response at 0.345 Hz is not significant from frequency spectrum, while the frequency response at 0.064 and 0.073 Hz is still the most significant. Compared to the deformation induced by the low wind loadings, the frequency extraction under high wind loadings becomes clearer.
The filtered longitudinal displacements and extracted frequencies are demonstrated in Figure 24 ; it can be seen that the amplitude of the dynamic displacements is below 1 cm, and the dynamic response is actually not highly affected by the lorry loading; the frequency characteristic of the response is similar to the response under ambient circulation loading; expect one suspected high frequency at 0.332 Hz detected from the displacement time series; indeed, the high frequency response is vanished due to the existence of high frequency noise.
The corresponding height dynamic displacements and the extracted frequencies are shown in Figure 25 ; the amplitude of the dynamic deflections exceeds 0.1 m; the most significant frequency response is still at 0.103 Hz; it seems that no significant frequency deviation occurs from the frequency spectrum.
Extracted Frequencies Comparisons.
As previously analysed, we have successfully extracted the vibration frequencies of the bridge under different loading conditions, that is, the ambient circulation loading, strong wind speed sudden changing period, and the specific trial with two 40 t lorries passing the bridge. The results of the extracted frequencies are listed in Tables 1-3 . By comparing the results, we can see that the vibration frequencies extracted from the GPS measurements in different direction are varied greatly from each other. Due to the bridge deck stiffness of the bridge deck, the movement along the bridge main axis is small, and low frequency noise can be obviously observed in the longitudinal displacement time series, which makes the frequencies extraction more difficult using the peak-picking approach, and the extracted frequencies show different characteristic.
By making a detailed comparison of Tables 1 and 3 , we can find that two common frequencies can be extracted from both lateral displacement time series and height displacement time series though the dynamics are induced by different loading effects, that is, 0.105 and 0.269 Hz (slightly different under different ambient loading conditions), so it may be deduced that the two frequencies are the natural frequencies of the bridge. While the other computed frequencies may not indicate the modal characteristics, they mainly indicate excitation frequencies; these frequencies are significant only if they approach modal frequencies with much energy. On the other hand, it should be noted that the extracted frequencies actually varied under different loadings; this will greatly benefit the online damage identification process, because the frequency response is an indicator of structural behaviour. We can also find that height frequency responses are relatively stable for they are mainly affected by the traffic loadings and thermal effects.
Conclusions
This paper investigated a GPS deformation trial carried out on the Forth Road Bridge in Scotland. It shows that GPS can capture the absolute 3D deflections of the bridge accurately at a 10 Hz sampling rate. The results have shown that lateral movements highly correlate with the ambient wind loading as the wind speed is high, while the height deflections are mainly caused by the traffic loading and thermal effect; the movement along the bridge main axis is small due to the stiffness of the bridge deck.
To demonstrate the frequency response under different loadings, three different ambient loading conditions are considered, namely, the ambient circulation loading, strong wind abrupt speed changing period, and the specific trial with two 40 t lorries passing the bridge. A bilinear Chebyshev high-pass filter was presented and applied to the original displacement time series to remove the very slow movements, which do not locate in the structural natural frequency band. The FFT algorithm was applied to the filtered displacement time series, and the vibration frequencies are extracted using the peak-picking approach. The results show that the frequency responses in different directions vary greatly with each other, and the frequency responses at 0.105 and 0.269 Hz extracted from lateral displacement time series correlate well with the data using height displacement time series; the natural frequencies change slightly under different ambient loadings. The approach introduced in this paper can be well applied for the future online bridge monitoring; the structural deterioration and failure will be monitored using the real GPS data in real time, and the frequency response becomes the basis to evaluate the behaviour of the bridge.
